In order to reduce P absorption in human patients with chronic kidney diseases phosphate binders are used (Sheikh et al., 1989) .
These substances form insoluble complexes with phosphates which then lead to reduced absorption. The potential of such phosphate binders has been successfully assessed in vitro by measuring the reduction of P solubility in aqueous solution (Sheikh et al., 1989) .
This study evaluates the method to consider the solubility of P as a variable of interest for P metabolism. Interestingly, pet nutrition and the feeding of food-producing animals face two entirely different scenarios with regard to P supply-but in both cases, an estimation of the solubility of the ingested P may be helpful. Pets are mostly fed for maintenance, whereas farm animals are either reproducing or growing and they are fed for high performance. In pet food, there is abundant P, which may come from bones, meat or cereal by-products and supplementation. The latter is done for various purposes such as modulating Ca/P ratio, as a buffer, for water-holding capacity, to modulate texture, for preservation, or as a palatability enhancer. This may lead to a P intake of about six times of the recommended allowance (Anonymous, 2008 (Anonymous, , 2014 Larsen, Parks, Heinze, & Fascetti, 2012) . Pastoor et al. (1995) and Dobenecker et al. (2017) considered this to be a risk for renal health in cats. Given the high rate of chronic renal disease in cats and dogs (Babyak, Weiner, Noubary, & Sharp, 2017; Lulich, Osborne, O'Brien, & Polzin, 1992) , and given the fact that P is an important constituent of uroliths (Lekcharoensuk et al., 2001 ) a high intake of available P may be an important risk factor. Dobenecker, Hertel-Böhnke, Webel, and Kienzle (2018) compared excessive intake of moderately water-soluble calcium monophosphate with similar amounts of highly water-soluble potassium monophosphate in cats. The highly water-soluble P was excreted renally in much larger percentages than the less water soluble P. Dobenecker and Siedler (2016) demonstrated similar effects of soluble and insoluble P sources on postprandial serum P in dogs. Schmidt, Linke, Ebert, Bachmann, and Coenen (2011) compared postprandial plasma P levels in pigs after the intake of a meal with either sodium monophosphate (water soluble) or dicalcium phosphate (water insoluble) or wheat bran in pigs.
They reported higher values after the intake of the water-soluble P.
By contrast to pet food, P content in feeds for monogastric farm animals (pigs, poultry) tends to be restricted due to expensive P sources and in order to prevent the environmental impact (Rodehutscord, 2001 ). Thus, the P supplementation for farm animals aims to meet their requirements and to avoid any surplus. Therefore, efforts are made to increase availability such as the addition of phytase. In various productive animal species, it has been shown that the apparent digestibility of more water-soluble P sources such as monocalcium phosphate tends to be higher than that of less water soluble P salts such as dicalcium phosphate (Eya & Lovell, 1997; Gillis, Norris, & Heuser, 1948; Jongbloed, Everts, & Kemme, 1991) . P which is bound to phytate is not soluble in water and therefore less available for monogastric animals (i.e., pigs and poultry; Kiarie & Nyachoti, 2009 ; Rodehutscord, 2001) .
In this study, the solubility of P in certain P sources, ingredients and compound feed for poultry, pigs and pets, in water and in diluted acid was measured. The water in this study reflects the P solubility in the food, the hydrochloric acid with concentration 0.4% was used for imitation of processes in the animal's stomach (dogs: Gray & Bucher, 1941 , cats: Bowie, Darlow, & Murray, 1953 ; piglets: Kamphues, 1990 ). The duration of 1 min was chosen to distinguish the rapidly soluble phosphates, and the duration of 90 min for slow soluble phosphates, and this duration is also comparable with the processes in the stomach.
The rationale was that a low solubility in water and in acid even after 90 min would help identify P sources with a low availability, especially in situations with a P supply just meeting requirements. By contrast, a high and immediate solubility in water might be useful to identify P sources which are likely to be rapidly absorbed, especially in animals fed excessive amounts of P.
The aim of the study was to generate data on P solubility of feed ingredients and to test whether the P solubility of ingredients in mixed feed is additive. In further studies, in vitro solubility of P may be linked to in vivo measurements of P metabolism, such as postprandial serum P, renal P excretion and even hormones like parathyroid hormone and fibroblast growth factor 23.
| MATERIAL S AND ME THODS
Different mineral P sources, ingredients, compound feeds and experimental mixtures were analysed regarding the solubility of P both in water and in 0.4% HCl after 1 and 90 min.
Mineral P sources are listed in Table 1 . The samples were partly feed grade, and they were from the feed production units of the Ingredients were bought on the market, and in addition, there were some samples from the GrainUp project (University of Bonn), as well as corn from the University of Vienna, dried and ensiled (Table 2 ).
Fresh and heated meat was analysed without (Table 2 ) and with the addition of mineral P sources (Table S1 ).
Compound feed for poultry and pigs were partly test mixtures produced in the Institute for Animal Nutrition in Hanover, and partly provided by farms as well as samples from the nutrition consultation service in Hanover (Table 3 ). The experimental diets for dogs consisted of tripe and rice with added P sources (Siedler, 2018) , and the experimental cat diets consisted of meat and rice (HertelBöhnke, 2018), see Table S1 . The dry and moist dog food came from digestibility trials at the chair of Animal Nutrition in Munich (Kienzle, Brenten, & Dobenecker, 2017; Dobenecker unpublished) . The moist cat food was bought randomly (Table 3) .
| Preparation of samples
Mineral P sources were used without any preparation and directly weighed into the assays. Air dry feed materials and compound feed such as cereals, dry dog food, compound feed for pigs and poultry were ground (particle size <0.5 mm). Experimental pet diets and moist pet food were lyophilised and ground (<0.5 mm).
In either case, 3 g of the ground material was weighed into the assay tubes. Fresh meat was minced in a kitchen machine (<4.5 mm), and 5 g wet weight was used for each assay. To determine the effect of heat drying on meat P solubility, a piece of the meat was oven dried (103°C, 5 hr). Then it was ground (<0.5 mm) and 3 g were used in the assay. For the effect of cooking, 5 g of fresh minced meat was weighed into the assay tubes and were put into a microwave oven at 90 W for 5 min. After that, the assay procedure was carried out. Grain and soy samples were analysed without prior processing, and after oven drying. The samples were incubated in a drying oven at 103-106°C for 30-35 min. Meat with mineral additions: samples of raw meat were weighed separately for combinations with mineral sources. Mineral sources were added to the total amount of P of 1,800 mg/kg dry matter (DM) for NaH 2 PO 4 and of 1,130 mg/ kg DM for Na 5 P 3 O 10 . For heating, samples with P additions were heated in a microwave oven at 90 W for 5 min.
19.5 ml bidistilled water or 0.4% HCl was added to every sample of either 3 g of dried samples or 5 g of raw meat. Every sample was then stirred, for either 1 min or 90 min. After stirring, the samples were centrifuged at 1,811 g for 3 min, and the solution was placed into new tubes.
For total P content determination, 0.5 g of each sample was weighed and after the addition of 1 ml hydrogen peroxide and 5 ml concentrated nitric acid, was exposed to microwave digestion (VDLUFA, 2012), a process which transforms all feed P into ortho-phosphate. Then the solution was diluted after cooling up to 10 ml with bidistilled water. P was analysed photometrically by the method of Gericke and Kurmies (1952) , a method which measures ortho-phosphate.
Every sample was measured in duplicates. Analysis of soluble P was repeated four times for estimate of repeatability. Mean within assay coefficient of variation of 232 samples of mineral compounds, ingredients and compound feed, in water and acid, after 1 and 90 min, was 3.9%.
Na 5 P 3 O 10 and K 4 P 2 O 7 samples were analysed additionally also without microwave digestion.
For the moist cat foods, additional data obtained by standard methods from a certified laboratory were available on calcium, sodium, potassium and chloride content.
| RE SULTS
The solubility of the feed grade mineral P sources reflected more or less the solubility of the purified chemical P salts of the main compound of the feed grade material (Table 1) .
Polyphosphates (tetra-potassium pyrophosphate and sodium triphosphate) were highly soluble in water and acid (>90%; Table 1 ). For the polyphosphates, wet digestion in the microwave was essential for analysis. If solutions of polyphosphates were analysed without wet digestion negligible amounts could be found by the method of Gericke and Kurmies (1952) .
Cereals and plant protein sources had a considerably lower solubility of P in water than most animal protein sources (Table 2) . Fish meal was an exception with a very low P solubility. For acid solubility the differences were less marked, in some feeds acid solubility was lower than water solubility, in others, it was higher. In grains and meat, heating reduced P solubility in water (Table 2) . By contrast, in soya bean meal, rape seed meal and corn P solubility in water was unaffected by heating.
The effect of cooking on P solubility in water after one minute and in acid was only tested in meat. There was a clear-cut decrease (Table 2) .
When inorganic and "organic" P sources were freshly mixed, the P solubility of the mixture reflected the P solubility and percentages of its compounds (Figure 1) . The results suggest additivity of P solubility in different ingredients rather than interaction (Table S1 ).
The heating process slightly reduced P solubility in most of the meat samples with additional inorganic P sources (Table S1 ).
When the percentage of P soluble in water or acid was compared in compound feed for different stages of pig production (piglets, fattening, pregnant and lactating sows), there were no systematic TA B L E 1 Solubility of mineral phosphorus sources (Soluble phosphorus in % of total phosphorus) differences (data not shown). The same was true for the comparison of turkey and chicken diets as well as when poultry and pigs diets were compared. Table 3 shows the mean for all three species. In Table 3 complete feed for pigs, chickens, and turkeys and prepared moist dog and cat, and dry dog food are compared. The water solubility of P was the lowest in dry dog food compared to all other feed types tested. All feeds showed a high P solubility in acid without any differences after one minute. Dry dog and moist cat food had the highest P solubility in acid after 90 min.
Solubility in water after 1 min was slightly lower than after 90 min for most compound feed and ingredients but not for high P feed such as Ca 4 Na(PO 4 ) 3 (details see Table 1 and 2). Solubility in acid after 90 min was similar or higher than solubility in acid after one minute. Especially in mineral P sources solubility in acid increased within 90 min (details see Table 1 ).
| D ISCUSS I ON
The measurement of P solubility in water or acid showed large differences between various P sources. Well-known effects such as insolubility of phytate-bound P in cereals (Kiarie & Nyachoti, 2009; Rodehutscord, 2001) or high water solubility of sodium monophosphate could be reproduced with the method. The solubility of different P sources, especially inorganic or "organic" sources in experimental mixtures, was close to the solubility which would be expected when the soluble P from the ingredients was added up (Table S1 ). Figure 1 shows the relationship between water-soluble P as calculated from the ingredients and measured water soluble P after 1 min. For all measurements, there was no systematic interaction between ingredients. This makes the method applicable for compound feed. Heating changed the solubility of raw P sources, such as meat and cereals, presumably because enzymes such as phytase or muscle phosphatases, which can release P from tissues, are inactivated. Protein coagulation could also strengthen the binding of phosphate in proteins. Thus measuring P solubility in feed, in water or acid, will also give information on the effects of treatment on P availability and not only on effects of the composition. Differences between plant materials in solubility in water and acid are likely to reflect more the pH-optima of their phytases which may differ (Bohn, Meyer, & Rasmussen, 2008; Greiner, Konietzny, & Jany, 1998; Peers, 1953 ) than actual differences in availability of P.
TA B L E 2 Solubility of phosphorus in single feed (Soluble phosphorus in % of total phosphorus)
A special point is the measurement of polyphosphates which will not show up in the photometric method (Gericke & Kurmies, 1952) , unless they are transformed into ortho-phosphates by wet digestion. This way it is even possible to differentiate between soluble ortho-and polyphosphates.
Given the fact that the solubility of inorganic P sources, especially in acid, is considerably higher than that of "organic" plant material sources; and the P content of many ingredients of plant origin (especially cereals and soya bean meal, Table 2 ) used for feed animal diets is relatively low, we hypothesised that the solubility of P in acid would increase with increasing total P content in the feed, assuming that higher P contents would mostly be of inorganic origin. We set a limit of 5.5 g P/kg DM for the group with the lowest content, assuming that most of these would be of plant origin. The second group with moderate P content ranged from this limit to 6.5 g P/kg DM, and the third was above 6.5 g P/kg DM. As shown in Figure 2 , the acid solubility in the three groups increased significantly with increasing P content.
In dog food, we hypothesised that part of the P would come from bones (for instance from meat and bone meal, chicken meal etc.), and that this P would be rather insoluble. As a rough indicator for bone content, we used calcium content-even though calcium could also be added as a mineral salt. We grouped the dog food accordingly (≤15 g Ca/kg DM, >15 g Ca/kg DM). The P solubility in acid differed significantly between these groups (Figure 3 ).
In moist pet food, P content was very high (Table 3 ). In a group of 25 moist cat foods, data on calcium, sodium, potassium and chloride were available. We hypothesised that a large part of the P would originate from bone material as in the dry dog food. We presumed that the bone material would have a Ca/P ratio of approximately 2/1. Given that, we calculated the maximal P content that could possibly come from bone sources by dividing the calcium content by 2. The rest of the P is unlikely to originate from bones.
We calculated, therefore, the content of P that does not come from bones by subtracting the former figure (calcium content divided by 2) from the total P content. The content of water-soluble P and the P content not from bones correlated highly significant (Figure 4 ).
F I G U R E 1
Relationship between water-soluble P content after 1 min in fresh test mixtures (Table S1) This suggests that the added P is from inorganic highly soluble sources such as sodium or potassium dihydrogen phosphate. We summed up the content of sodium and potassium and subtracted chloride. The result also correlated highly with the soluble P content ( Figure 5 ) which strongly indicates the addition of the above-mentioned phosphates.
These calculations demonstrate that measuring the soluble P content in food can give valuable information on the P source. In case of excessive P intake, the measurement of water-soluble P (1 min) can help identify P sources likely to be absorbed rapidly, which might increase serum P levels and renal P excretion (Dobenecker et al., 2018) , and thus present a risk for kidney disease as P can be directly nephrotoxic (HautAlfrey, Guggenheim, Buddington, & Schrier, 1980; Kuro-o, 2013) .
In case of low to moderate P intake, the measurement of acid soluble P within 90 min may help identify P sources with very low availability. By contrast, a prediction of apparent P digestibility is impossible.
Presumably, regulation of P metabolism interferes with apparent digestibility, especially in case of rapid P absorption.
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